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The pentaquark state of Θ+(uudds) has been observed to decay with two decay modes:
Θ+ → nK+ and Θ+ → pK0. The decay probability ratio of the two decay modes is
studied with general symmetry consideration of isospin, spin, and parity. We arrive at a
result of the ratio
Γ(Θ+→nK+)
Γ(Θ+→pK0)
=
(α−β)2
(α+β)2
(k1
k2
)2L+1, which is valid for the Θ+ state to
be a pure isoscalar or isovector state, or an isoscalar and isovector mixing state, or an
isotensor state with mixture of isoscalar and isovector components with coefficients α and
β. The dependence on spin and parity of the pentaquark Θ+ state is found to be small
due to small difference between the center of mass decay momenta k1 and k2 of the two
decay modes. We also provide an analysis on the constraint of the isospin of Θ+ from the
absence of a peak in the pK+ invariant mass distribution in the γp→ pK+K− process.
Future experimental results about the decay probability ratio may provide information
about the properties of the pentaquark Θ+ state.
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The standard quark model1 is remarkably successful in classifying hadrons as
composite systems of quark-antiquark (qq) states for mesons and three quark (qqq)
states for baryons. The possible existence of multiquark states with four quarks and
an antiquark, i.e., the pentaquark states with configuration qqqqq,2,3,4 has been
discussed for more than two decades. QCD based models permit the existence of
pentaquark states.2 The pentaquark states with the antiquark q being a heavy quark
are suggested to exist. 3 Earlier experimental attempts were focused on searching for
such pentaquark states containing at least one heavy flavor quark (antiquark), but
without convincing evidence.5 It is noticed that qqqqq is unambiguously a minimal
pentaquark state if the flavor of q is different from any of the other four quarks.4
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The possible existence of the minimal pentaquark states with the antiquark being an
anti-strange quark s, such as Θ+(uudds) and Θ++(uuuds), are discussed in Ref. 4,
with suggestion for experimental searches also provided.
From another point of view, baryons can be viewed as solitons in an effective
meson theory6 as well as in the large Nc-limit of QCD.
7 Thus baryons can be also
classified by soliton configurations in chiral field theories, as an alternative scheme
compared to the standard quark model classification. In the SU(3) version of these
models, the anti-decuplet {10} baryon multiplet is the lowest multiplet above the
minimal octet {8} and decuplet {10} baryons.8 It is found9,10,11,12 that there
exists a baryon state with strangeness S = +1, which can be identified with the
pentaquark Θ+(uudds) configure, in this {10}multiplet. By treating the experimen-
tally observed N(1710) resonance as a member of this multiplet, Diakonov, Petrov,
and Polyakov predicted11 the Θ+ baryon state to have a mass of about 1530 MeV
and a width of about 15 MeV. This baryon state is nothing exotic compared to
other baryons in the soliton classification scheme, except that it has a strangeness
number S = +1 and has also a surprising narrow width.
The recent observations of an exotic narrow baryon state with S = +1 by
LEPS,13 DIANA,14 CLAS, 15 SAPHIR,16 and HERMES17 Collaborations, pro-
vide evidence for the existence of the pentaquark state Θ+(uudds). The detec-
tion of the Θ+ state in LEPS and CLAS experiments is through the subpro-
cess γn → K−(K+n), where K− and K+ are detected with the Θ+ state con-
structed from the missing mass of the K+n system,18 in a same principle to the
γ∗n → K−Θ+ process suggested in Ref. 4. The SAPHIR experiment detects the
Θ+(uudds) state through the process γp → nK0sK+. In DIANA and HERMES
experiments, the Θ+ state is detected through the decay mode Θ+ → K0p, where
the K0 meson is constructed by the decay K0s → pi+pi−. All of the experiments
have observed a sharp peak in the K+n missing mass spectrum or in the K0sp in-
variant mass spectrum, with a mass around 1540 MeV and a narrow width around
9 → 25 MeV, in agreement with the Θ+ state predicted by the chiral quark soli-
ton model.11 Therefore two decay modes: Θ+ → nK+ and Θ+ → pK0, have been
observed for the Θ+ state.
The properties of the observed Θ+ state, such as its spin, isospin, and parity,
are still not established yet. The chiral quark soliton model predicts this Θ+ state
of having spin 1/2, isospin 0, and parity + of the anti-decuplet.11 However, with
a mass of 100 MeV above threshold, this pentaquark state should be expected to
have a decay width of the order of 500 MeV unless its decays are suppressed by
phase space, symmetry, or special dynamics.19 It is suggested by Capstick, Page,
and Roberts,19 that the narrow width of the observed Θ+ state can be understood
if the isospin of this state is hypothesized to be 2, i.e., an isotensor resonance.
For this isospin, the decays of Θ+ → nK+ and Θ+ → pK0 via isospin violating
hadronic processes are suppressed by symmetry. Jaffe and Wilczek tried to explain
the narrow width by proposing the Θ+ state, which is an isospin singlet, as being
composed of two highly correlated ud-pairs and an s quark.20 This work intends to
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study the probability ratio of the two decay modes, and to show that this ratio can
provide useful information on the properties of the observed Θ+ state.
Our analysis is based on general symmetry consideration of isospin (I, Iz), spin
J , and parity P . The corresponding quantum numbers of quarks are
(I, Iz) (J
p) =


(
1
2 ,+
1
2
) (
1
2
+
)
, for the u quark;(
1
2 ,− 12
) (
1
2
+
)
, for the d quark;
(0, 0)
(
1
2
+
)
, for the s quark.
(1)
The pentaquark Θ+(uudds) state should have isospin I = 0, 1 or 2 with Iz = 0,
therefore we can obtain the general isospin configuration of this state
|Θ+〉 = a|I = 2, Iz = 0〉+ α|1, 0〉+ β|0, 0〉, (2)
where a =
√
1− α2 − β2. The proton p state should have isospin I = 1/2 with
Iz = 1/2, and the neutron n state should have isospin I = 1/2 with Iz = −1/2. If
the nucleon state contains a small isospin impurities, we have
|p〉 = b ∣∣12 , 12〉+ γ ∣∣32 , 12〉 ,
|n〉 = b ∣∣12 ,− 12〉+ γ ∣∣32 ,− 12〉 ,
where b =
√
1− γ2, and γ is a very small quantity refelcting isospin violating.21,22
The kaon K+ state should have isospin I = 1/2 with Iz = 1/2, and the kaon K
0
state should have isospin I = 1/2 with Iz = −1/2. Thus we have
|K+〉 = ∣∣12 , 12〉 ,
|K0〉 = ∣∣ 12 ,− 12〉 .
The nK+ final state can be written as
|n,K+〉 = b
∣∣∣∣12 −
1
2
,
1
2
1
2
〉
+ γ
∣∣∣∣32 −
1
2
,
1
2
1
2
〉
, (3)
and the pK0 state can be written as
|p,K0〉 = b
∣∣∣∣12
1
2
,
1
2
− 1
2
〉
+ γ
∣∣∣∣32
1
2
,
1
2
− 1
2
〉
. (4)
Isospin is conserved in hadronic decays via strong interaction, thus the Θ+ state
can not decay into nK+ and pK0 final states if Θ+ is a pure I = 2 isotensor
state. Assuming that α and β are of the same size as the mixing coefficient of 0.015
estimated from the physical Λ and Σ0 mixing,23 a narrow width of the Θ+ state
can be understood.19 We will show in the following that the difference between α
and β can introduce difference between the decay probabilities of the two decay
modes for the Θ+ state.
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We may expand the Θ+ state Eq. (2) by using Eqs. (3) and (4),
a|2, 0〉+ α|1, 0〉+ β|0, 0〉
≃ aγ
∣∣ 3
2 − 12 , 12 12
〉 〈
3
2 − 12 , 12 12
∣∣ 2, 0 〉
+ aγ
∣∣ 3
2
1
2 ,
1
2 − 12
〉 〈
3
2
1
2 ,
1
2 − 12
∣∣ 2, 0 〉
+ bα
∣∣ 1
2 − 12 , 12 12
〉 〈
1
2 − 12 , 12 12
∣∣ 1, 0 〉
+ bα
∣∣ 1
2
1
2 ,
1
2 − 12
〉 〈
1
2
1
2 ,
1
2 − 12
∣∣ 1, 0 〉
+ bβ
∣∣ 1
2 − 12 , 12 12
〉 〈
1
2 − 12 , 12 12
∣∣ 0, 0 〉
+ bβ
∣∣ 1
2
1
2 ,
1
2 − 12
〉 〈
1
2
1
2 ,
1
2 − 12
∣∣ 0, 0 〉 ,
(5)
in which the αγ term is ignored. On the other hand, we have the Clebsch-Gorden
coefficients for the isospin summation〈
3
2 − 12 , 12 12
∣∣ 2, 0 〉 = 1/√2, 〈32 12 , 12 − 12
∣∣ 2, 0 〉 = 1/√2,〈
1
2 − 12 , 12 12
∣∣ 1, 0 〉 = 1/√2, 〈12 12 , 12 − 12
∣∣ 1, 0 〉 = 1/√2,〈
1
2 − 12 , 12 12
∣∣ 0, 0 〉 = −1/√2, 〈12 12 , 12 − 12 ∣∣ 0, 0 〉 = 1/√2.
This means that
a|2, 0〉+ α|1, 0〉+ β|0, 0〉 ≃ 1√
2
aγ
∣∣ 3
2 − 12 , 12 12
〉
+ 1√
2
b(α− β)
∣∣ 1
2 − 12 , 12 12
〉
+ 1√
2
aγ
∣∣ 3
2
1
2 ,
1
2 − 12
〉
+ 1√
2
b(α+ β)
∣∣ 1
2
1
2 ,
1
2 − 12
〉
.
(6)
The first two terms correspond to the nK+ state, and the last two terms correspond
to the pK0 state. The probability ratio of the two decay modes can be expressed as
Γ(Θ+ → nK+)
Γ(Θ+ → pK0) =
〈Θ+|nK+〉
〈Θ+|pK0〉 =
(aγ)2 + b2(α − β)2
(aγ)2 + b2(α + β)2
. (7)
As we mentioned before, γ is very small and can be ignored, we thus get
Γ(Θ+ → nK+)
Γ(Θ+ → pK0) =
(α− β)2
(α+ β)2
. (8)
We still have not taken into account of the spin and parity of Θ+. As one of
the properties of centrifugal barrier, the decay probability is directly proportional
to a factor of k2L+1, where k is the center of mass decay momentum, and L is
the orbital angular momentum.24 Therefore we get the probability ratio of the two
decay modes
Γ(Θ+ → nK+)
Γ(Θ+ → pK0) =
(α− β)2
(α+ β)2
(
k1
k2
)2L+1, (9)
with general symmetry consideration of isospin, spin, and parity taken into account.
In this paper we adopt the Θ+ massmΘ+ = 1541MeV, so we get k1 = 283.1MeV
for the Θ+ → nK+ decay mode and k2 = 279.6MeV for the Θ+ → pK0 decay mode.
The spin and parity of p and n are JP = 12
+
, of K0 and K+ are JP = 0−. Then
the total angular momentum of final state is 12 +L, and parity is (−1)L+1, where L
is the orbital angular momentum. The possible spin and parity of Θ+(uudds) may
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be 12
−
, 12
+
, 32
+
, 32
−
, 52
−
, 52
+
, · · · . Because of parity conservation, the corresponding
orbital angular momentum of decay modes are 0, 1, 1, 2, 2, 3, · · · . Higher spin states
seem unlikely for the ground state pentaquark, so we do not calculate them further.
We thus obtain Table 1 for the probability ratio of the two decay modes for the Θ+
state with different spin and parity.
Table 1. The decay probability ra-
tio of the two decay modes for the
Θ+ state with different spin and par-
ity.
JP L Γ(Θ
+
→nK+)
Γ(Θ+→pK0)
1
2
−
0 (α−β)
2
(α+β)2
· 1.013
1
2
+
1
(α−β)2
(α+β)2
· 1.038
3
2
+
1
(α−β)2
(α+β)2
· 1.038
3
2
−
2
(α−β)2
(α+β)2
· 1.064
5
2
−
2
(α−β)2
(α+β)2
· 1.064
5
2
+
3
(α−β)2
(α+β)2
· 1.091
From Table 1, we can find that different spin and parity give little difference to
the probability ratio of the two decay modes, as the difference between the center
of mass decay momenta k1 and k2 is very small. The results in Table 1 are valid for
the Θ+ pentaquark to be a pure isoscalar (I = 0) and isovector (I = 1) state, or a
mixing isoscalar and isovector state, or an isotensor state with mixture of isoscalar
and isovector components, as they are corresponding to the specific situation of
a = 0, α = 0, β = 1 for isoscalar, or a = 0, α = 1, β = 0 for isovector, or a = 0
with nonzero α and β for isoscalar and isovector mixture, or a < 1 with small α
and β for isotensor with mixing of isoscalar and isovector. Thus our result of the
probability ratio of the two decay modes is applicable to general situations.
It is claimed16 that the SAPHIR experiment suggests an isospin of I = 0 for
the observed Θ+ state from the absence of a signal in the pK+ invariant mass dis-
tribution in the γp→ pK+K− process. We need to examine the situation carefully,
provided that the production mechanism of Θ+ is not known yet. In photopro-
duction of pentaquark Θ states on the nucleon, we assume that the production is
through the K0K0 and K+K− components of the photon. The spin, parity, and
C-parity for this component of the photon should be JPC = 1−−. From vector
dominance model25 we know that the interaction of the photon (virtual photon)
can be effectively described by the vector mesons (V = ρ, ω, φ with quantum num-
bers JPC = 1−−) which have both I = 0 and 1 states. From the available particle
listing26 we notice that the I = 0 mesons (φ’s) can decay into KK, whereas the
KK decay ratio of I = 1 mesons (ρ’s) is very small. This implies that the I = 0 com-
ponent of the photon contains the ss content that may contribute to Θ production
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via strong interaction. From this picture, the production of Θ’s in photoproduc-
tion process is through γp → K0K0p → Θ+K0 and γp → K+K−p → Θ++K−
on the proton, and γn → K+K−n → Θ+K− and γn → K+K−n without Θ++
on the neutron. Thus the only process that can contributes to Θ++ production is
γp → Θ++K−. We assume that the Θ++ state, which belongs to the isospin pen-
taplet Θ = (Θ−,Θ0,Θ+,Θ++,Θ+++), is of isospin (I, Iz) = (2, 1). The isospin
of initial state |i〉 = |γp〉 is |0, 0〉 |1/2, 1/2〉, whereas the isospin of final state
|f〉 = |Θ++K−〉 is |2, 1〉 |1/2,−1/2〉, from which we find that the amplitude 〈f | i〉
cancels exactly. However, the amplitude of Θ+ production is also zero if Θ+ is an
isotensor; which is in contradiction with the experimental observation. If Θ+ and
Θ++ are isovector partners, both the amplitudes of Θ+ and Θ++ productions are
non-zero and of the same order. Thus the observation of no Θ++ peak in the pho-
toproduction on the nucleon can exclude both the I = 1 and I = 2 cases, if the
mechanism of Θ production is through the isoscalar component of the photon as we
suggested.
If the I = 1 component of electromagnetic current (i.e., the photon) contributes
dominantly to the production of pentaquark Θ’s, as some literature assumed,19,16
we now show that the absence of no Θ++ peak cannot rule out an isovector Θ+. We
assume that the Θ++ state, which belongs to the isospin triplet Θ = (Θ0,Θ+,Θ++),
is of isospin (I, Iz) = (1, 1). The isospin of initial state |i〉 = |γp〉 is |1, 0〉 |1/2, 1/2〉,
whereas the isospin of final state |f〉 = |Θ++K−〉 is |1, 1〉 |1/2,−1/2〉. From Clebsch-
Gordan coefficients we have
|i〉 = |1, 0〉
∣∣ 1
2 ,
1
2
〉
=
√
2
3
∣∣ 3
2 ,
1
2
〉−√ 13
∣∣1
2 ,
1
2
〉
;
|f〉 = |1, 1〉
∣∣ 1
2 ,− 12
〉
=
√
1
3
∣∣ 3
2 ,
1
2
〉
+
√
2
3
∣∣ 1
2 ,
1
2
〉
,
(10)
from which we find that the amplitude 〈f | i〉 cancels exactly. Thus the observation
of no Θ++ peak in the photoproduction on the nucleon can not rule out the I = 1
case for Θ+, but the I = 2 case in this situation. The pentaquark Θ+ state could
be thus pure I = 0 state, or I = 0 state with small mixture of I = 1 component,
or I = 1 state with small mixture of I = 0 component if the isovector part of the
photon contributes dominantly to the Θ+ production. Therefore our results of decay
probability ratio may provide useful information to constrain the isospin of the Θ+
state.
Though Nature permits the existence of isospin mixing state (for example, the
photon is an I = 0, 1 mixing state), approximate isospin conservation in the strong
interactions implies that the mass matrix of the strongly interacting particles will
approximately commute with the isospin generators, and thus that the mass eigen-
states will be approximate isospin eigenstates. This means that the most likely
possibilities should be α ≈ 1 with small β, or β ≈ 1 with small α if the production
mechanism of Θ+ is through the I = 1 component of photon as most literature
suggested. From our above argument for an important isoscalar contribution of the
photon to Θ production, we suggest that the observed Θ+ is likely an isoscalar. It is
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thus necessary to check whether our results are still experimentally measurable for
the case of a large α ≈ 1 with small β, or vise verse. Assuming that α = 0.98 and
β = 0.02, which is of the right order of isospin breaking for baryons, we find that
(α−β)2
(α+β)2 ≈ 0.92, which is measurable within experimental precision provided with
enough number of events in the near future. In case of a larger isospin breaking,
say that β ≈ 0.05, we find that (α−β)2(α+β)2 ≈ 0.81. This implies that our results are also
effective to reveal isospin breaking effect in Θ+ decays, if Θ+ is an isoscalar as most
authors predicted.
It is necessary to point out that the decay ratio we discussed is based on an as-
sumption of isospin conservation in the decay processes. There is also a suggestion27
that the observed Θ+ state might be a heptaquark with the overlap of a pion, a
kaon, and a nucleon. In this case, the decay ratio of two decay modes may differ
from the prediction in our work. It is also possible that the decays are not through
strong interaction, or other isospin violating mechanism may involve. The decay
ratio predicted in this work is thus helpful to reveal detailed properties of the ob-
served Θ+ state, and to confirm the observed Θ+ state as being of pentaquark
uudds configuration. From another point of view, there may be higher Θ∗+(uudds)
state beyond the anti-decuplet {10} multiplet.28,29 It has been speculated from
QCD sum rules that the isoscalar, isovector, and isotensor states of Θ+ and Θ∗+
pentaquarks may lie close to each other.30 The results in this work are applicable
to these Θ∗+(uudds) states if the mass difference is considered.
In summary, the decay probability ratio of the two decay modes Θ+ → nK+
and Θ+ → pK0 for the pentaquark Θ+ state is examined with general symmetry
consideration of isospin, spin, and parity. This ratio depends on two coefficients α
and β which can represent a pure isoscalar or isovector state, or an isoscalar and
isovector mixing state, or an isotensor state with mixture of isoscalar and isovector
components. The dependence on spin and parity of the pentaquark Θ+ state is
also considered, and the effect is found to be small due to small difference between
the center of mass decay momenta of the two decay modes. We also provided an
analysis on the constraint of the isospin of Θ+ from the absence a peak in the
pK+ invariant mass distribution in the γp→ pK+K− process. Future experimental
results about the decay probability ratio may confirm and provide information about
the properties of the pentaquark Θ+ state.
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